Herpes simplex virus type 1 (HSV-1) capsid assembly takes place in the nucleus of infected cells. However, when each of the outer capsid shell proteins, VP5, VP23 and VP26, is expressed in the absence of any other HSV-1 proteins, it does not localize to the nucleus but is distributed throughout the cell. We have previously shown that the HSV-I capsid scaffolding protein, preVP22a, can relocate VP5 into the nucleus but does not influence the distribution of VP23. We now demonstrate that the outer capsid shell protein, VP19C, is able to relocate both VP5 and VP23 separately into the nucleus. However, nuclear localization of VP26 is only observed when VP5 is present together with either VP19C or preVP22a. Thus, pair-wise interactions involving all of the abundant capsid proteins have now been identified. Electron microscope examination of insect cells coinfected with recombinant baculoviruses expressing VP19C and VP5 reveals the presence of 70nm diameter 'capsid-like' structures, suggesting that these two proteins can form the basic capsid shell.
Introduction
The outer shell of the icosahedral herpes simplex virus type I (HSV-I) capsid is made up of four major proteins: VP5 (encoded by gene UL19), VP19C (UL38), VP23 (UL18) and VP26 (UL35), while a further protein, VP22a (UL26.5), forms the internal scaffold (Gibson & Roizman, 1972; Cohen et aI., 1980; Rixon et al., 1988; Sherman & Bachenheimer, 1988; Newcomb & Brown, 1989) . Two minor proteins, VP21 and VP24, are formed by self-cleavage of a protease (encoded by UL26) which is also responsible for the maturational cleavage of VP22a from its precursor preVP22a. VPS, VP19C, VP23 and scaffolding proteins are all essential for assembly of intact capsids (Pertuiset et al., 1989; Desai et al., 1993 Desai et al., , 1994 , while the cleavage of preVP22a is a prerequisite for capsid maturation and DNA packaging (Preston et al., 1983; Gao et al., 1994) .
Considerable progress in our understanding of capsid assembly has recently been made by expressing individual capsid proteins, either alone or in combination, using a variety of vector systems. The most interesting results have come from recombinant baculoviruses expressing all six capsid protein genes to assemble HSV-1 capsids in insect cells (Tatman et al., 1994; Thomsen et aI., 1994) . These studies have Author for correspondence: Frazer J. Rixon. Fax +44 141 337 2236, e-mail F.rixon@vir.gla.ac,uk demonstrated the requirements for individual proteins in the assembly of capsids or subcapsid structures. However, much remains to be discovered concerning the nature of the interactions between the various capsid proteins.
Assembly of herpesvirus capsids is known to take place in the nuclei of infected cells. In an earlier study we showed that VP5 and VP23 failed to localize efficiently to the nucleus when expressed using vaccinia virus or plasmid based expression systems (Nicholson et al., 1994) , thereby demonstrating that neither of these proteins contains a nuclear localization signal. Nuclear localization of VP5 did occur when it was coexpressed with preVP22a. PreVP22a, either alone or in combination with VPS, did not effect redistribution of VP23.
In this study we have used both plasmid based and baculovirus expression sysems to examine the ability of the remaining outer capsid shell proteins, VP19C and VP26, to participate in protein/protein interactions with VPS, preVP22a and VP23.
Methods
• Cells and virus. Fluorescence experiments were done with BHK-21 C13 cells cultured in Glasgow modified Eagle's medium supplemented with 10% tryptose phosphate and 10% new-born calf serum. Recombinant baculoviruses were grown on Spodoptera frugiperda (Sf2I) cells as described previously (Tatman et al,, 1994 
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BEv Xh Er • Plasmid transfection. Cells were transfected using a lipofection procedure as described previously (Nicholson et al., 1994) .
• Antibodies. Mouse monoclonal antibodies LP12, 1060 and 5010 recognize VPS, VP23 and preVP22a respectively. The rabbit antiserum 20999, which was raised against a synthetic peptide comprising the 14 amino acids encoded by the UL26 open reading frame (ORF) immediately upstream from the C-terminai residue, also recognizes preVP22a (Preston et al., 1992) . The TrpE-UL35 antiserum was raised against a TrpE fusion protein containing the C-terminal 91 amino acids of VP26 (McNabb & Courtney, 1992 a) . Antibody 9220 (Capricorn Products Inc., Maine, USA) recognizes a 10 amino acid epitope from the human cytomegalovirus (HCMV) pp65 protein (McLauchlan et al., 1994) . Antibodies were used at dilutions of 1:300 (TrpE-UL35, 9220), 1:200 (LPI2, 1060), 1:100 (5010), or 1:50 (20999). Fluorescein isothiocyanate (FITC)-conjugated goat anti-mouse IgG (GAM) and tetramethylrhodamine isothiocyanate (TRITC)-conjugated goat anti-rabbit IgG (GAR) (Sigma) were each used at a dilution of 1 : 100.
• Irnmunofluorescence. All experiments were performed on BHK C13 cells grown on 13 mm glass coverslips placed in 24-well tissue culture dishes. Transfected cells were incubated at 37 °C for 18-24 h, washed in PBS then fixed with 100 % methanol at -20 °C for a minimum of 30 min. Subsequent steps were carried out at room temperature in a humidified chamber. Antibodies were diluted in PBS containing 0"05 % Tween 20 and 5 % new-born calf serum (solution A). Samples were incubated for 10 rain in solution A, drained and incubated in 50 I~I of primary antibody for 45 min. After three 10 s washes in solution A, they were incubated for 45 min in 50 pI of the appropriate secondary antibody. After five 10 s washes in solution A and two rinses in deionized water, the coverslips were mounted in Citifluor, examined using a Zeiss Axioplan fluorescence microscope and photographed on Kodak Ektachrome Elite 400 film. For double labelling experiments the primary mouse and rabbit antisera were mixed prior to addition to the coverslips as were the secondary FITC-GAM and TRITC-GAR antibodies.
• Construction of expression plasmids. Expression plasmids were constructed by cloning the capsid protein genes under the control of the HCMV immediate-early (IE) promoter present in the plasmid pCMV10 (Stow et a/., 1993) . The construction of the plasmids, pE18, pE19 and pJK2 expressing VP23, VP5 and preVP22a respectively, has been described previously (Nicholson et al., 1994) . The cloning of the UL38 (VPI9C) ORF into pBJ182 was described by Tatman et al. (1994) . Cleavage of pBJ182 with BamHI and HindIII released the UL38 ORF on a 1512 bp fragment which was ligated into BamHI/HindlII digested pCMV10 to generate pE38. To clone the UL35 (VP26) ORF, a PCR product made as described in Tatman et al. (1994) was digested with KpnI and BamHI and ligated into KpnI/BamHI digested pUC19 to generate pUCUL35. EcoRI/BamHI digestion of pUCUL35 released the UL35 ORF on a 385 bp fragment which was ligated into EcoRI/BamHI digested pCMV10 to generate pE35.
For expression of an epitope-tagged version of VP19C, two PCR primers were made, 38T1F and 38TIB. Primer 38TIF corresponds to bases 40-73 of the UL38 ORF (84570-84603 on the sequence of McGeoch et al., 1988) and 38TIB is complementary to 31 bases at the 3' end of the UL38 ORF (85925-85955). In addition, 38TIF contained a BamHI site and sequences encoding a foreign epitope ( Fig. la) derived from the HCMV pp65 protein (McLauchlan et al., 1994) . Primer 38TIB (sequence AGTCATCTGCAGTTGTGTGGGCGGGGCGTTTGCTAC GCTCAC) incorporated a PstI site at its 5' end. These two primers generated a product in which the sequences encoding the N-terminal 15 amino acids of VP19C were replaced by 11 amino acids including the pp65 epitope (Fig. la) . The PCR product was cloned as a BamHI/PstI fragment into BamHI/PstI digested pCMV10 to generate pE38T1.
For expression of the epitope-tagged version of VP26, the EcoRI site was first removed from pCMV10Bgl (Nicholson et al., I994) using large fragment polymerase to give pCMV10BglAEco. The ULI90RF was isolated as a BglII fragment from pJN6 (Nicholson et al, 1994) and ligated into BglII digested pCMV10BglAEco to generate pE19Bgl. Two partially complementary oligonucleotides, 19N-T (1) and 19N-T (2), were made which were inserted into EcoRV/XhoI digested pE19Bgl to generate pSJM19C65 (Fig. lb) . pSJM19C65 encodes the HCMV pp65 epitope linked in-frame to the C-terminal 1020 amino acids of VPS. Digestion of pSJM19C65 with EcoRI and Xba[ removes the remaining UL19 encoding sequences. The UL35 ORF was cloned as a PCR product using oligonucleotides 35PCR (1) and 35PCR (2) as primers. Primer 35PCR (1) corresponds to bases 3-24 of the UL35 ORF (70568-70589) and incorporates an EcoRI site at its 5' end which is in the same frame as that in pSJM19C65 (Fig. l b) . Primer 35PCR (2) (sequence GACA TCTAGAACACCCCAGAAGGAACTCCC) incorporates an XbaI site at its 5' end and is complementary to 20 bases downstream from the UL35 termination codon (70912-70932). Following digestion with EcoRI and XbaI, the UL35 PCR fragment was cloned into EcoRI/XbaI digested pSJM19C65 to give pE35T1, which encodes a version of VP26 (VP26T1) tagged at its N-terminus with the pp65 epitope.
• Capsidpurification. HSVcapsidsandT0 nm particles were purified by banding on 10-40% sucrose gradients as described previously (Tatman et al., I994) .
• Electron microscopy. Sf21 ceils were infected with recombinant baculoviruses at 5 p.f.u, per cell, incubated at 28 °C for 48 h and prepared for electron microscopy as described previously (Preston eta] ., 1983).
Gradient purified capsids and 70 nm particles were examined following negative staining with 1% phosphotungstic acid (PTA).
Results
Subcellular distribution of VP19C
It was not possible to determine the localization of VP19C directly by immunofluorescence, since no antibody able to react with this protein was available. Therefore, in order to examine the distribution of VP19C, a plasmid (pE38T1) encoding an epitope-tagged version of VP19C (VP19CT1) under control of the HCMV IE promoter was used (see Methods). Following transfection of pE38T1, VP19CT1 was localized predominantly in the nucleus (Fig. 2 a) . Since tagging was made using the primers 35PCR (I) and 35PCR (2) (see Methods), digested with EcoRl and Xbal (~, mixed with EcoRl/Xbal digested pSJMI 9C65 (~ and ligated (~ to generate pE35TI, pE35T1 contains the sequences specifying the pp65 epitope (boxed amino acids below the 19N-T oligonucleotide) joined in frame upstream of the sequences encoding VP26. The sequence of 35PCR (I) is shown above the genomic sequence encoding the N-terminal 12 amino acids of VP26. The 3'-terminal 22 residues which are common to both are indicated by the vertical lines, and the EcoRl site used in cloning the PCR product is marked. 
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Influence of VP19C on the distributions of VP5 and VP23
Immunofluorescence on transfected cells had previously shown that when expressed singly, VP5 and VP23 were present throughout the cell [ [., 1994] . To determine the effect of VP19C on the distribution of these two proteins, cells were cotransfected with pE38 (VP19C) and either pE19 (VPS) or pE18 (VP23). Coexpression with VP19C had a marked effect on the distributions of both VP5 and VP23 causing them to relocate into the nucleus (Fig. 2 d, e) . However, the distributions of VP5 and VP23 in the two experiments were somewhat different. VP5 had a punctate distribution suggesting that it aggregated within the nucleus (Fig. 2 d) while VP23 appeared uniformly distributed throughout the nucleus with the exception of the nucleoli (Fig. 2e) . Since the nuclear localization in each case was presumably a result of complex formation between the relevant protein and VP19C, this difference suggests that VP5 and VP23 can in turn influence the distribution of VP19C. Cotransfection of pE18 or pE19 with pE38T1 gave similar results (data not shown), thus confirming that the pp65 epitope did not interfere with the ability of VP19C to interact with VP5 or VP23.
Electron microscopy of baculovirus infected cells
The fluorescence experiments clearly demonstrate that VP19C can interact with both VP5 and VP23. To examine the nature of these interactions, electron microscopy was performed on insect cells infected with recombinant baculoviruses expressing these proteins. No novel structures were observed in cells coinfected with AcUL18 and AcUL19 or with AcUL18 and AcUL38 (data not shown). However, coinfection with AcUL19 and AcUL38 resulted in the formation of large numbers of densely staining particles (Fig. 3 b) which were distinct from recombinant baculovirus derived HSV-1 capsids (Fig. 3 a) . These particles were uniform in size (70 nm diameter) and shape. Although individual particles could be found throughout the nucleus they frequently formed large clusters, which presumably accounts for the patchy distribution of VP5 found by immunofluorescence (see Fig. 2d ).
Characterization of the 70 nm particles
To confirm the identity of the 70 nm particles, they were isolated from infected cells and purified on sucrose gradients. Two bands were visible; a relatively sharp upper band and a diffuse lower band. PAGE confirmed that both were composed of VP5 and VP19C (Fig. 3c) . When examined by negative staining the material in the two bands appeared similar in form, comprising a mixture of apparently intact, spherical particles and partial or disrupted shells (Fig. 3e) . They exhibited a regular conformation similar to that of the outer shell of intact capsids (Fig. 3 d) , with the presence of recognizable capsomers (Fig. 3f) . However, they do not appear to possess strict icosahedral symmetry (Z. H. Zhou, personal communication). It is not clear why they migrate as two bands, although the lower band contained a much higher proportion of open and incomplete shells than the upper band.
Behaviour of VP26
Transfection of pE35 revealed that when expressed by itself, VP26 was predominantly cytoplasmic (data not shown).
As is the case with VP5 and VP23, this distribution contrasts with the exclusively nuclear location for VP26 observed in HSV-1 infected cells (McNabb & Courtney, 1992b) . The antiserum (TrpE-UL35) used by McNabb & Courtney (1992 b) was not, in our hands, reproducibly able to detect the transfected plasmid proteins. Therefore, in many of the subsequent experiments a clone, pE35T1, expressing a pp65 epitope tagged form of VP26 (VP26T1) was substituted for pE35. Coexpression with any of the four proteins, VP23, VPS, VP19C or preVP22a, failed to convert VP26 or VP26T1 to a nuclear distribution. This is illustrated in Fig. 4(a, b) which shows the non-overlapping distributions of VP26 (Fig. 4 a) and preVP22a (Fig. 4 b) in the same cell. No conclusions could be drawn about the relationship between VP26 and either VP5 or VP23 since they have similar intracellular distributions. However, the lack of redistribution in the presence of VP19C and preVP22a suggested that there is no direct interaction between VP26 and either of these proteins. Multiple cotransfections were therefore performed with all combinations of the available plasmids to determine whether conditions could be identified under which VP26 would locate to the nucleus. The only circumstances under which VP26 or VP26T1 became nuclear were those where VP5 was also nuclear. Thus, coexpression of VP26 and VP5 in the presence of preVP22a (Fig. 4c, d) , or of VP26T1 and VP5 in the presence of either preVP22a (Fig. 4e, f) or VP19C (Fig. 4g) did result in the transport of VP26 to the nucleus. Furthermore, the pattern of localization of VP26 within the nucleus reflected that of VPS, being uniform in the presence of preVP22a (Nicholson et al., 1994) and punctate in the presence of VP19C (see Fig. 2 d) . These results suggest that VP26 binds directly to VP5 and that this binding is responsible for its transport into the nucleus.
'.25( Discussion HSV-1 capsid assembly takes place in the nucleus and therefore it is not surprising that studies of HSV infected cells have found the capsid proteins to be predominantly nuclear (Powell & Watson, 1975; Cohen et aL, 1980; McNabb & Courtney, 1992b) . However, it is clear from the results presented here and earlier (Nicholson et al., i994 ) that sequestration of capsid proteins in the nucleus is a result of multiple interactions between those components which have an inherent capacity for nuclear localization (VP19C and preVP22a) and those which do not (VPS, VP23 and VP26) . The patterns of localization revealed by these studies allows us to draw a scheme of interaction for each of the abundant capsid proteins (Fig. 5) . While the connections shown here may be incomplete (it is not possible, for example, to determine whether there is a direct interaction between VP19C and preVP22a from this form of analysis), there is a close correlation with the known locations of the proteins in the capsid. VPS, which is the major component of hexons and pentons, clearly plays a central role in capsid structure and would be expected to form multiple interactions. This is confirmed by the present study which shows that VP5 is able to form complexes with VP19C and with VP26 in addition to its previously identified interaction with the scaffolding protein precursor, preVP22a (Nicholson et al., 1994; Matusick-Kumar et al., 1994; Hong et al., 1996) . Studies on a virus mutant which fails to express preVP22a suggested that VP5 was poorly transported to the nucleus under these conditions . Although capsids were present in the nuclei of the infected cells, this was believed to reflect the ability of the UL26 encoded proteins to substitute for preVP22a. However, incomplete capsid shells are found in the nuclei of baculovirus infected cells expressing only VPS, VP19C and VP23 (Tatman et al., 1994; Thomsen et al., 1994) and in the nuclei of cells infected with an HSV-1 mutant deleted for both the UL26 and UL26.5 genes (Desai et al., 1994) . Presumably, VPI9C is responsible for the nuclear transport of VP5 and VP23 in these cases.
VP19C is a component of the triplexes which link adjacent capsomers on the surface of the capsid (Schrag et al., 1989; Baker et al., 1990) and which are believed to be formed from two molecules of VP23 and one of VP19C (Newcomb eta]., 1993) . Interactions between vPIgC and VP5 and between VP19C and VP23 are not unexpected, therefore, in view of the known relationship between triplexes and capsomers. The lack of a direct interaction between VP5 and VP23 is more surprising but is supported by our earlier studies (Nicholson et al., 1994) and by the absence of observable structures in cells coinfected with baculoviruses expressing VP5 and VP23. The formation, by VP5 and VP19C alone, of uniform 70 nm particles which are clearly related to the outer shell of normal capsids, also suggests that VP23 is not essential for the interaction between triplex and capsomer and in addition Nicholson et of., 1994) and electron microscope analysis (this paper; Tatman et al., 1994; Thomsen et ol., 1994; Kennard et aL, 1995) are shown by the solid lines. The gene encoding each protein is shown in brackets below the protein name. The dotted line demarcates the proteins which have an intrinsic capacity to localize to the nucleus (Nuc) from those which do not (Cyt).
demonstrates that VP5 and VP19C alone are sufficient for the formation of hexavalent capsomers (Fig. 3 f) . However, these particles differ markedly from the aberrant shells formed when VP23 is also present (Tatman et at., 1994; Thomsen et al., 1994; Desai ef a] ., 1994). It seems probable that the binding of VP23 to VP19C alters the conformation of the latter, thereby modulating the nature of its interaction with VPS. Although a direct association between VP5 and VP23 was not observed in these experiments, such an association may form within the context of the intact capsid. In cross-linking experiments on purified capsids, Desai et aI. (1994) identified two complexes containing VPS, VP19C and VPZ2a, and VP5, VP19C and VP23 respectively. These complexes are consistent with the pattern of interactions shown in Fig. 5 . The 70 nm particles appear to be the same as the structures designated as 50 nm capsids by Thomsen et al. (1994) , which were seen in cells infected with recombinant baculoviruses expressing all the capsid proteins except VP23. The 50 nm capsids contained no scaffolding proteins and it was suggested that VP23 was involved in the interaction of the scaffold and the outer shell. This seems unlikely since the fluorescence data showed no interaction between VP23 and preVP22a (Nicholson et aL, 1994) . We have also observed 70 nm particles in cells expressing VPS, VP19C, preVP22a and the UL26 protease, but not in cells expressing VPS, VP19C and preVP22a, where indistinct spherical structures similar to those formed by VP5 and preVP22a alone (Kennard et al., 1995) were found (unpublished data). This suggests that removal by the UL26 protease of the C-terminal 25 amino acids of preVP22a, which are known to be necessary for interaction with VP5
'.25~ (Kennard et al., 1995 ; Matusick-Kumar et al., 1995 ; Hong et al., 1996) , prevents this interaction thereby allowing VP5 and VP19C to form the 70 nm particles.
The interaction of VP26 with VP5 and its failure to interact directly with VP19C, preVP22a or VP23 is consistent with its known location at the tips of the hexons (Booy et al., 1994; Trus et al., 1995; Zhou et al., 1994 Zhou et al., , 1995 . Studies using recombinant baculoviruses have shown that VP26 is not required for assembly of recognizable capsids (Tatman et aI., 1994; Thomsen et al., I994) and it can be removed from intact capsids without affecting their overall integrity (Newcomb & Brown, 1991; Newcomb et al., 1993) . It is not yet known whether VP26 is essential for virus growth and its role in the capsid has not been established.
It is evident from studies of capsid structure that individual proteins can adopt different conformations and form different interactions dependent upon their position in capsids. Thus VP5 can assemble into groups of six (hexamers) which do interact with VP26 or into groups of five (pentamers) which do not (Trus et al., 1995; Zhou et al., 1995) . Similarly, the precise configuration of the triplexes varies depending on their position in the capsid (Zhou et al., 1994) . Thus the overall pattern of interactions described here (Fig. 5) probably encompasses a broad range of slightly differing interactions between individual capsid proteins which are made necessary by the complexity of the capsid structure.
